The phylogenetic relationships among 16 species including 10 thrips vector species of tospoviruses were analysed using partial sequences of three genes: mitochondrial COI, nuclear 28S ribosomal DNA and the elongation factor-1a (EF-1a) in order to reveal the influence of lineage among thrips vector species on the vector competence of tospoviruses. The phylogenetic trees of thrips suggested that distinct clades were formed between the genera Frankliniella and Thrips including vector species at least in combined nuclear DNA data, although COI data showed a similar result despite low bootstrap value in the root of Thrips clade. Scirtothrips had an ambiguous phylogenetic position in this study. Vector and non-vector species were found within the same clade in the genus Thrips. Compared with the phylogenetic tree of thrips, the virus phylogeny inferred from the nucleocapsid (N) protein sequence were likely to correspond to the phylogeny of thrips, genera Frankliniella, Thrips and Scirtothrips, respectively, and also to the primary host plants under natural conditions. These results suggested that the vector competence of thrips for tospoviruses might be influenced by the lineages of thrips vectors as well as host plants.
INTRODUCTION
There are over 5,500 recorded species of thrips (Mound, 2002; Mound and Morris, 2004) including 100 serious agricultural pest species belonging to the two genera, Frankliniella and Thrips (Thysanoptera: Thripidae). The order Thysanoptera is considered monophyletic based on morphological and molecular characteristics (Mound et al., 1980; Crespi et al., 1996) . Presently, twelve thrips species are recognized as vectors transmitting tospoviruses (Bunyaviridae), including 16 virus species (Reddy et al., 1991; Yeh et al., 1992; Chen and Chiu, 1996; Mumford et al., 1996; Singh and Krishnareddy, 1996; Webb et al., 1997; Cortês et al., 1998; Gera et al., 1998; Bezerra et al., 1999; Kato et al., 1999; Nagata and de Ávila, 2000; Lee et al., 2002; Ullman et al., 2002; Nagata et al., 2004; Ghotbi et al., 2005; Lin et al., 2005; Premachandra et al., 2005; Ohnishi et al., 2006) .
The thrips vectors of tospoviruses are recognized mainly in two genera, Frankliniella and Thrips, and appear to have different abilities for virus transmission among vector species within these genera. Tomato spotted wilt virus (TSWV), the type species of Tospovirus, is transmitted efficiently by Frankliniella occidentalis, Frankliniella intonsa, Frankliniella schultzei (dark-colored), but inefficiently by Thrips tabaci and Thrips setosus (Wijkamp et al., 1995; Inoue et al., 2004a; Sakurai, 2004) . Inoue et al. (2004a) suggested distinct patterns of TSWV accumulation from the second larval stage to the adult stage between the genus of Frankliniella and Thrips. Virus accumulation in Frankliniella increased or remained the same during thrips development whereas that in Thrips decreased sharply. In addition, adult survival was almost the same between TSWV-infected and non-infected F. occidentalis whereas the adult survival of TSWV-infected T. tabaci was reduced when thrips acquired TSWV during the early larval stage (Wijkamp et al., 1996; Inoue and Sakurai, 2006) . The influence of TSWV infection on thrips survival might differ between thrips species. These observations suggested that thrips lineages could contribute to the vector competence of thrips for Tospovirus transmission.
Molecular approaches have been advanced in respect to the identification of species in the genera of Frankliniella and Thrips (Brunner et al., 2002; Toda and Komazaki, 2002) . Analysis of mitochondrial and nuclear DNA would be a powerful tool to investigate the phylogenetic relationships among thrips vectors of Tospovirus. To test whether vector competence for Tospovirus is influenced by phylogenetic factors, we obtained partial sequence data from the mitochondria cytochrome c oxidase subunit I (COI) and two nuclear genes, the third domain (D3) of the ribosomal 28S locus (28S rDNA) and elongation factor-1a (EF-1a). We also compared the phylogenetic pattern of thrips vectors with that of the amino acid sequence of the nucleocapsid (N) protein of 16 tospoviruses reported previously (de Haan et al., 1990 (de Haan et al., , 1992 de Ávila et al., 1993; Pang et al., 1993; Satyanarayana et al., 1996 Satyanarayana et al., , 1998 Yeh et al., 1996; Cortês et al., 1998; Jain et al., 1998; Bezerra et al., 1999; Kato et al., 2000; Chu et al., 2001; Lee et al., 2002; Inoue et al., 2004b; Lin et al., 2005; Winter et al., 2006) .
MATERIALS AND METHODS
Taxon sampling. Sixteen thrips species, including ten vector species, were analysed. Host plants, year and collection locations are shown in Table 1 . Voucher specimens were deposited at the Laboratory of Insect Resources, Faculty of Agriculture, the Tokyo University of Agriculture and the Insect Pest Management Laboratory, the National Agricultural Research Center for Tohoku Region (NARCT).
DNA extraction, PCR amplification and direct sequencing. Thrips were stored either in 70% ethanol or 100% acetone at Ϫ20°C until DNA extraction. Total genomic DNA was extracted from single thrips using a modified "salting out" protocol (Sunnucks and Hales, 1996) . Individual adults were dissected near the center of the thorax, i.e. mesothorax. The head and prothorax of thrips were not crushed in order to retain the exoskeleton. The rest of the body was homogenized in 100 ml TNES buffer (50 mM Tris [pH 7.5], 400 mM NaCl, 20 mM EDTA, 0.5% SDS) with 20 mg/ml proteinase K. The head and prothorax of the thrips were also placed in this buffer. Digestion proceeded for 5-48 h at 55°C. After digestion, the head and prothorax of thrips were removed from the buffer and mounted on a slide as vouchers and for species identification. Approximately 0.5-1.5 ml of the extraction DNA was used to amplify mitochondrial COI, nuclear 28S rDNA and EF-1a by polymerase chain reaction (PCR). The primers used for PCR are given in Table 2 . PCR was performed in 20 ml volumes, comprising 0.5-1.5 ml of genomic DNA solution, 4 pmol of each primer, 0.5 units of the AmpliTaq Gold PCR Master Mix (Applied Biosystems, Foster City, CA, USA), or in 20 ml volumes, comprising 0.5-1.5 ml of genomic DNA solution, 4 pmol of each primer, 2 mM MgCl 2 , 0.625 units of the Taq PCR Master Mix (Qiagen, Hilden, Germany). PCR was run on either a GeneAmp PCR System (Perkin Elmer, CA, USA) or a BioRad icycler using the profile: 1 cycle of 10 min at 95°C; then 35 cycles of 30 s at 95°C, 40 s at 55°C and 45 s at 72°C; and finally 1 cycle of 6 min at 72°C; however, when the Taq PCR Master Mix was used, initial denaturation was carried out 3 min at 95°C. Half of the total volume of PCR products was separated on a 1% agarose Tris-borate-EDTA gel containing ethidium bromide and the other half was purified using an ExoSAP-IT (Amersham Biosciences, Piscataway, NJ, USA) and directly sequenced on an ABI 373 Stretch automated sequencer and ABI 310NT Genetic Analyzer with BigDye Terminator v1.1 Cycle Sequencing Kit (Applied Biosystems). Both strands of each PCR product were sequenced.
Phylogenetic analysis of thrips. Multiple sequences of COI, 28S rDNA and EF-1a were aligned using the multiple alignment program Clustal X (Thompson et al., 1997) . All sequence data obtained in the present study have been deposited in DDBJ/EMBL/GenBank (accession numbers: AB276374-AB276377, AB277214-AB277268 and AB277552-AB277579). Phylogenies were estimated by neighbor joining (NJ), maximum parsimony (MP) using PAUP* v4.0b10 (Swofford, 2002) and maximum likelihood (ML) TGA TGA GCT CA  1  EF-1a  EF1  GAC AAC GTT GGC TTC AAC GTG AAG AAC G  3  EF2  ATG TGA GCA GTG TGG CAA TCC AA  3  28S rDNA  28SS  GAC CCG TCT TGA AMC AMG GA  4  28SA TCG GAR GGA ACC AGC TAC TA 5 a The references from 1: Simon et al., 1994; 2: Brunner et al., 2002; 3: Palumbi, 1996; 4: Chen et al., 2003 and 5: this study. using PHYML 2.4.4 (Guindon et al., 2005) . The distance measures in NJ used in COI and 28SϩEF-1a data were the total character difference and the HKY85 model, respectively. Models of nucleotide substitution for ML analyses were chosen by Akaike information criterion (AIC) implemented in MrModeltest 2.2 (Nylander, 2004) . The amino acid sequences of COI were analyzed in order to avoid being misled by the saturation of substitution sites because of very rapid substitution at the third position of the codon in the mitochondrial COI gene (Randi, 2000) and by long-branch attraction arising out of similar levels of GϩC content in the third position of the codon (Felsenstein, 1978; Tarrío et al., 2000) . The presence of saturation and the level of GϩC content in the data were checked using the DAMBE program (Xia and Xie, 2001; Xia et al., 2003) , resulting in low levels of saturation and significant differences of GϩC contents among sequences obtained in the present study. Thus, we analysed the amino acid sequences of COI. DNA sequences were translated to amino acid sequences by BLASTX 2.2.11 (Altschul et al., 1997) . Statistical support for clades was estimated by bootstrapping on 1,000 replications for NJ, MP and on 100 replications for ML. The incongruence length difference (ILD; Farris et al., 1994) test was performed using PAUP* v4.0b10 in order to compare the phylogenetic congruence of two nuclear genes, 28S rDNA and EF1a; no significant result in the ILD test (pϾ0.05) indicated that they were concatenated.
Phylogenetic analysis of tospoviruses. (Inoue et al., 2004b) and were also analysed in the present study. In addition, four sequence data were used as outgroups: Bunyamwera virus (AJ697960, AJ697964), Hantaan virus (AB027101) and Uukuniemi virus (M33551). Phylogenies were estimated with both NJ using PAUP* v4.0b10 and ML using TREE-PUZZLE 5.2 (Schmidt and von Haeseler, 2003) . Statistical support for clades was estimated by bootstrapping on 1,000 replications for NJ and by puzzling step on 1,000 replications for ML. We compared the phylogenetic pattern of tospoviruses with that of thrips vectors in order to reveal phylogenetic relationships between the viruses and vectors.
RESULTS
Ten of 12 thrips species transmitted tospoviruses and six species of non-transmitters were inferred from the mitochondrial and nuclear DNA. The fragments of PCR products were approximately 650 bp for COI, 350 bp for 28S rDNA and 200 bp for EF-1a. The aligned sequences produced 175 characters from amino acids of COI and 459 characters from nucleotides of combined nuclear DNA. We showed only ML trees reconstructed from COI and nuclear DNA, respectively, because of similar results by NJ and MP analysis in the present study. The phylogeny from nuclear DNA mainly consisted of two clades, Frankliniella and Thrips (Fig.  1b) , while the phylogeny from COI data also showed a similar trend despite low bootstrap value in the root of Thrips clades (Ͻ50%, Fig. 1a ). Scirtothrips had an ambiguous phylogenetic position: the genus was nearly Frankliniella using nuclear DNA while nearly Thrips using the COI tree; however, the lineage of Scirtothrips was likely to be different from that of Frankliniella in combined nuclear DNA data (bootstrap values; 77% in ML, Fig. 1b) .
The phylogeny of tospoviruses indicated three clades by both NJ and ML approaches (Fig. 2) . Clade 1 consisted of TSWV, TCSV, GRSV, CSNV, ZLCV and INSV, clade 2 consisted of WSMoV, WBNV, GBNV, CaCV, CCSV, MYSV, IYSV and TFYRV, and clade 3 consisted of PCFV and PYSV. The clades of tospoviruses tended to be associated with host plants in natural conditions and thrips vectors (Figs. 2 and 3) .
DISCUSSION
The vector competence of thrips, the genus Frankliniella and Thrips, is likely to differ in the transmission of TSWV and INSV (Inoue et al., 2004a; Sakurai et al., 2004) , suggesting that thrips lineages could contribute to the vector competence of thrips for Tospovirus transmission. Our phylogenetic data showed two clades, Frankliniella and Thrips, at least in nuclear DNA data, although COI data showed a similar result despite low bootstrap values in the root of Thrips clade (Fig. 1a, b) . The phylogenetic position of the genus Scirtothrips was different between COI and nuclear DNA data, although the bootstrap value in the root of Scirtothrips was relatively high in combined nuclear DNA data (Fig. 1a, b) . In this study, we used only one species of Scirtothrips so that reconstruction using additional sequence data from other Scirtothrips species may lead to a distinct clade for Scirtothrips from Frankliniella and Thrips.
With regard to phylogeny among vector species, they were not always closely associated with each Fig. 1 . Phylogenetic relationships of thrips including vectors of tospoviruses (highlighted in gray) based on the ML method of (a) amino acid sequence data from mitochondrial (mt) COI and (b) sequence data from combined nuclear 28S rDNA and EF-1a genes. The evolutionary model in the ML phylogenetic tree used was a WAG for COI and a GTRϩIϩG (Iϭ0.3486, Gϭ0.5133) with six substitution rate category for 28SϩEF-1a data, respectively. Statistical support of the nodes is indicated above branches. One asterisk represents bootstrap values between 50% and 70% and two asterisks represent above 70%.
other in the genus Thrips (Fig. 1a, b) . For example, the clade of T. tabaci was different from those of other vectors, T. palmi and T. setosus from COI data. On the other hand, these vector species were likely to be associated with non-vectors, T. nigropilosus, T. hawaiiensis and T. coloratus. Although the non-vector species of Frankliniella were not analyzed, F. tritici (accession number: U42195; Crespi et al., 1996) , a non-vector, was a sister species with F. bispinosa, a vector species, using the internal sequence fragment from COI obtained in this study. These results may be explained by similarities in the host ranges of vector and nonvector species (Table 3) .
The tospoviral phylogeny comprising three clades may be closely associated with host plants and thrips vectors. (Swofford, 2002) were 1,000 bootstrap replications, 429 characters resampled in each replicate, total measure difference and minimum evolution option. Statistical support of the nodes is indicated above branches. The settings of ML in Tree-Puzzle 5.2 (Schmidt and von Haeseler, 2003) were puzzling stepsϭ1,000, WAG model as substitution process, mixed model of rate heterogeneity (1 invariableϩ8 Gamma rate). One asterisk represents bootstrap values between 50% and 70% and two asterisks represent above 70%. Bunyamwera, Hantaan and Unkuniemi viruses were analyzed as outgroups of Bunyaviridae. Bunyam0 and Bunyam4 are Bunyamwera virus isolates: accession numbers are AJ697960 and AJ697964, respectively. The primary thrips vectors (Vc) and primary natural host plants (Hp) of each virus species are indicated (Reddy, 1989; Gera et al., 1998; Peters, 1998; Bezerra et al., 1999; Kato et al., 1999; OEPP/EPPO, 1999a , b, c, 2004 , 2005a Pérez et al., 2004; Ghotbi et al., 2005; Lin et al., 2005; Ohnishi et al., 2006) . Main three clades of viruses tend to be associated with specific thrips vectors and host plants. Miyazaki and Kudo, 1988; Umeya et al., 1988; OEPP/EPPO, 1989a , b, 2005b Frantz and Mellinger, 1990; Lewis et al., 1997; Groves et al., 2002; Pérez et al., 2004; Frantz and Fasulo, 2005; Ohnishi et al., 2006. b The numbers in parentheses represent total species counted in this study. The shaded numbers represent plant species on which thrips are observed in abundance.
host plants; consequently, infecting the same host plants as thrips, the viruses may be similar. If such an association exists, the host preference of thrips may limit the opportunities of thrips to encounter plants infected with tospoviruses such as IYSV and WSMoV of clade 2. Although two species of Thrips, T. tabaci and T. setosus, were likely to be related to the clade including TSWV and INSV as well as the other clade of IYSV and WSMoV (Fig. 3) , these Thrips species might have low or no transmissibility of TSWV and INSV (Inoue et al., 2004a; Sakurai et al., 2004) , indicating that there are probably distinct relationships between Thrips or Frankliniella and tospoviruses in clade 2. For example, F. occidentalis is a more suitable host with regards to infectivity and multiplication of TSWV than T. tabaci (Nagata et al., , 2002 . Moreover, while TSWV infection did not influence the survival of F. occidentalis, it did affect the survival of T. tabaci (Wijkamp et al., 1996; Inoue and Sakurai, 2006) . These observations suggested physiological constraints on virus infection between thrips species and/or genera; however, other factors such as ecological and phylogenetic factors may also influence vector competence. Comparative analysis of species data could be a useful tool to identify determinants of vector competence for Tospovirus (cf. Ridley, 1983; Felsenstein, 1985; Harvey and Pagel, 1991) . Here we showed that thrips and tospovirus phylogeny are almost congruent and there may be a constraint at the genus level for thrips in regard to the vector competence of tospoviruses, thereby explaining the relative importance of factors leading to vector competence except with regard to phylogenetic influences (cf. Harvey and Pagel, 1991; Kasuya, 1995) . Further studies are required to reconstruct the phylogeny of thrips using a large number of non-vector species in genus Frankliniella, Thrips and Scirtothrips, and as well as a larger sequence data set comprising more sites.
